The rubber latex membrane is used for micro air vehicles construction and plays an important role in their wings performance. This paper presents finite element (FE) models for investigating the deformation and energy absorption behavior of the latex membrane at static loading, validated by the experimental results. The membrane at different pre-tension levels are attached to a circular steel ring and statically loaded using steel spheres of different sizes placed at the center of the membrane. The deformation of the membrane is measured by the visual image correlation (VIC), a non-contact measurement system and strain energy is calculated based on the Mooney-Rivlin hyperelastic material model. It is found that the deflection and strain energy of the membrane estimated by experiments and FE models are correlated well although discrepancy is expected among experimental and FE results within reasonable limits due to the variation of the thickness of the membrane. The deformation and energy absorption of the membrane increase with the weight of the sphere. But the deformation decreases and the energy absorption increases with increase of the pre-tension level of the membrane due to a specific weight of the sphere.
INTRODUCTION
The uniform and non-uniform pre-tension levels of the membrane are considered for the MAV wings construction for the active structural resonance tuning and strain energy tailoring of the wings. The design and operation of micro air vehicles (MAVs) of similar proportions to natural flyers emphasize the intricate but vital aeroelastic features mastered by biological systems. A particular form of these enhanced flying abilities benefits from the use of flexible lifting surfaces: either fixed or flapping. Birds and bats twist and bend their wings while maneuvering for optimal aerodynamics. Locusts use specialized dome shaped sensory organs (campaniform sensillae) within the structure of their wings [1] . These feedback sensors respond specifically to wing deformation in order to trigger the wing structure to operate at resonance frequency. Furthermore, bats can control their wing characteristics by changing the level of pre-tension in their wing's membrane, thus effectively changing the wing camber and the passive aeroelastic dynamic feedback of the membrane to the aerodynamic loading [2] . Clearly, wing stiffness distribution and flexibility are essential aspects when considering natural flyers. The wellknown class of materials which function in supportive systems through deformation have been classified by biologists as pliant materials and include proteins, soft connective tissues, and cartilage. The aerodynamic models and flight control design of fixed [3] and flapping wings [4] must include the wing flexibility and structural dynamics, an area where very little experimental data is available.
The deformation and energy absorption behavior of the membrane should be investigated before applying them for MAV wings construction for their optimal performances. There are several methods for characterizing the membrane, such as: uniaxial, biaxial, radial tension, punching tests, and bulge tests [5] [6] [7] [8] [9] [10] . Uniaxial test data do not fulfill the need for accurate material characterization, especially for those applications with biaxial loading such as tubes or membranes [5] . Sasso et al. [5] characterize rubber-like materials by biaxial and uniaxial stretching tests based on optical methods where the deformation was detected by a high resolution video extensometer in order to investigate only the area of the specimen with a uniform distribution of deformation. There are several ways to apply the load for characterizing the membrane. Wan and Liao [11] characterize thin circular flexible membrane by applying an external load to the film center via a rigid spherical capped shaft. Circular membrane is also characterized statically under the weight of a spherical ball [12] [13] [14] . Central alignment is ensured as the ball rolls to the membrane centre spontaneously by gravity. Other characterization techniques of the membrane can be found in Refs. [7, [15] [16] [17] .
Elastic material model, where stress is directly proportional to strain (Hooke's law), can not be used for the membrane due to large nonlinear deformation behavior for quasi-static loading. Mooney [18] , Rivlin [19, 20] , Rivlin and Saunders [21] , and Treloar [22] are the pioneers of developing the hyperelastic material models. There are several nonlinear hyperelastic material models available, such as: Mooney-Rivlin, Ogden, Neo-Hooke, Yeoh, and Arruda-Boyce [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . It is found that the Mooney-Rivlin and Ogden hyperelastic models are considered the most accurate for predicting the deformation using biaxial and uniaxial stretching tests [5] .
Finite element simulations to explain the structural behavior of natural and artificial fixed and flapping wings is at an early stage of development. The large amplitude of wing deformations, the nonlinear interaction with the flow, and the lack of quantitative experimental results for validation limit the numerical models' applications. But several computational models are available for the hyperelastic rubber-like membrane materials. Sasso et al. [5] develop FE models for predicting the deformation behavior of the hyperelastic rubber-like materials due to biaxial and uniaxial stretching tests. Oden and Sato [34] develop FE technique for rubber-like materials based on the Mooney-Rivlin and Neo-Hookean material models due to both in-plane loading of a rectangular membrane fixed along two opposite edges and the transverse loading of a circular membrane fixed at the boundary. It is shown that computational results compare quite accurately with results for membrane problems given by Green and Adkins [35] . Computational models for characterizing the hyperelastic rubber-like materials are also found in Refs. [7, 12, [36] [37] [38] [39] [40] [41] .
The flight performance of MAVs with the membrane attached flexible composite wings, shown in Fig.  1 , has indicated several desirable properties directly attributable to the elastic nature of the wing: primarily, passive shape adaptation. Such adaptation also introduces a higher level of uncertainties in the structural dynamics. The object of this work is to present the deformation and energy absorption behavior of a latex membrane of thin flexible wings of MAVs due to static loading. The latex membrane at different pre-tension levels is attached to the circular steel ring, as illustrated in Fig. 2(a) , and characterized at static loading. Steel spheres of different sizes are placed at the middle of the membrane as the static load as shown in Fig. 2(b) . The steel spheres are painted for avoiding the light reflection from the surface of the spheres so that the deformation of the membrane specimen can be captured properly. The deflection is recorded using a non-contact measurement technique and the strain energy of the membrane is estimated. A static finite element model is developed for computing the deflection and strain energy of the circular membrane at different pre-tension levels and validated by the experimental data. 
MOONEY-RIVLIN MATERIAL MODEL
The strain energy density (W se ) of the hyperelastic latex membrane is computed based on the Mooney-Rivlin material model.
where C 1 , C 2 are the Mooney-Rivlin material parameters; and I 1 , I 2 are strain invariants. I 1 and I 2 can be calculated from the following equations:
where λ i (i = 1, 2, 3) are principal stretches. The unit of the strain energy density (W se ) is the energy per unit volume of the membrane, i.e., J/m 3 . Total strain energy is estimated from the strain energy density, multiplying by the volume of the membrane specimen.
The shear modulus, G of the Mooney-Rivlin material can be found from the following equation.
The modulus of elasticity, E is expressed as:
where ν is the Poisson's ratio and ν = 0.5 for the Mooney-Rivlin material. As a result, E, C 1 , and C 2 are related as follows.
EXPERIMENTAL SET-UP AND PROCEDURE 3.1. Test specimen
A rubber latex membrane at different pre-tension levels is attached to the circular steel ring of inner and outer diameters 102.5 and 113.2 mm, respectively, shown in Figs. 2(a) and 3. The thickness and density of the latex membrane are reported 0.1016 ± 0.0508 mm and 980 kg/m 3 , respectively [42] . The thicknesses of several membrane specimens are measured by the authors using a digital caliper and the average thickness of the membrane, 0.15 ± 0.01 mm is a reasonable assumption for the FE models. The Mooney-Rivlin material model is considered for this hyperelastic latex membrane. The Mooney-Rivlin material parameters are calculated based on the uniaxial stretch experimental data, conducted by Stanford et al. and reported in Fig. 9 of Ref. [12] . The uniaxial stretch test specimen has a width of 20 [12] . The modulus of elasticity and Poisson's ratio are about 2.0 MPa and 0.5, respectively, for small strain. Poisson's ratio, 0.5 indicates that the membrane material is incompressible [12] . But the modulus of elasticity is about 1.194 MPa if relatively larger strain is considered. The Mooney-Rivlin material parameters are calculated from the uniaxial stretch test results, based on Eq. (6), and it is found that C 1 = 18.088E4 Pa and C 2 = 18.088E3 Pa, considering C 2 /C 1 = 0.1 [13] .
Membrane deformation measurement
The visual image correlation (VIC) technique is considered because the measurements of the strains along a thin membrane must be performed using a non-contact method. The VIC is a non-contacting full-field measurement technique originally developed by researchers at the University of South Carolina [43] . The underlying principle is to calculate the displacement field of a test specimen by tracking the deformation of a subset of a random speckling pattern applied to the surface. Two precalibrated cameras digitally acquire this pattern before and after loading, using stereo-triangulation techniques. The VIC system is designed to find a region (in the image of the deformed specimen) that maximizes a normalized cross-correlation function corresponding to a small subset of the reference image (taken when no load is applied to the structure). Such a technique is known as temporal tracking. Images of the bottom surfaces (top view is shown in Fig. 2(b) ) of the membrane specimens are captured with two high-speed Phantom v7 CMOS cameras, capable of storing 2900 frames in an incamera flash-memory buffer. The cameras capture videos at 800 × 600 pixels spatial resolution. Typical data results obtained from the VIC system consist of geometry of the surface in discrete coordinates (x, y, and z) and the corresponding displacements (u, v, and w). A post-processing option involves calculating the in-plane strains (ε xx , ε yy , and ε xy ). This is done by mapping the displacement field onto an unstructured triangular mesh, and conducting the appropriate numerical differentiation (the complete definition of finite strains is used).
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Energy It is found that natural flyers, such as bats, consider different pre-tension levels during the flight and can have higher in-plane strain ratio [44] . In-plane strain ratio (ε xx /ε yy ) is the ratio of spanwise and chordwise pre-tensions/strains of the membrane attached to the steel ring, measured by the visual image correlation (VIC) technique before conducting the static tests. Three different arbitrary pre-tension levels of the membrane; indicated as low, medium and high in Table 1 ; similar to the natural flyers (such as, bats) are considered for the static tests for the biologically inspired micro air vehicle membrane wings. The distributions of the actual and average strains over the low and high pre-tension membrane specimens are shown in Figs. 5 and 6, respectively. 
Static test
For this paper, steel spheres of different sizes ( Table 2 ) are placed at the center of the membrane, attached to the circular steel ring for performing the static deformation tests (shown in Figs. 2 and 3) . The membrane is stretched due to the weight of the spheres. The deformation of the membrane is recorded by the VIC system. Total strain energy stored in the membrane is calculated using the strain information from the VIC system and considering the Mooney-Rivlin material model.
FINITE ELEMENT (FE) MODEL
FE models are developed for investigating the static loading characteristics of the latex membrane at different pre-tension levels, attached to a circular steel ring. The steel ring is considered rigid due to the very high stiffnesses comparing with those of the latex membrane and the fixed boundary condition is considered for the FE simulation. An axisymmetric static FE model of the circular membrane with the fixed boundary condition and steel spheres of different sizes (Table 2) placed at the center is developed using the finite element analysis (FEA) software, Abaqus 6.9 ® [45] . This problem is modeled considering axisymmetric due to geometrical symmetry and reducing the computational cost. CAX4H (4-node bilinear axisymmetric quadrilateral, hybrid, constant pressure) type of elements are considered for the membrane. But CAX4R (4-node bilinear axisymmetric quadrilateral, reduced integration, hourglass control) and CAX3 (3-node linear axisymmetric triangle) types of elements are selected for the steel spheres. The friction coefficient between the sphere and membrane surface is considered 0.2. As mentioned before, three different pre-tension levels (denoted as low, medium, and high in Table 1 ) and the Mooney-Rivlin material model are considered for the membrane.
RESULTS AND DISCUSSION
Static tests are performed using five steel spheres of different sizes, placed at the center of the membrane, as shown in Fig. 3 . The radii and weights of the spheres are provided in Table 2 . The membrane material exhibits negligible hysteresis as spheres are added and removed. The deformation and strain states of the membrane specimens are captured from the bottom surfaces (top view is shown in Fig. 2(b) ) using the VIC system. The deformation of the low pre-tension membrane from the VIC data due to the sphere of 0.66 N weight and 12.744 mm radius is shown in Fig. 7(a) . FE model of the latex membrane attached to the circular ring of the same geometry is also developed using the FEA software, Abaqus 6.9 ® for the static tests, placing the steel spheres of different sizes, shown in Table 2 , at the center of the membrane. The deformation of the low pre-tension membrane specimen from axisymmetric FE model at 4880 degrees of freedom due to the sphere of 0.66 N weight and 12.744 mm radius is depicted in Fig. 7(b) . A comparison of the out-of-plane deformation computed by the experiment and FE model along the radius of the low pre-tension membrane specimen due to the sphere of 0.66 N weight and 12.744 mm radius is shown in Fig. 7(c) . The Mooney-Rivlin hyperelastic material model is selected for estimating the deformation and total strain energy of the membrane specimen. The maximum deflection is occurred at the center of the membrane due to placing the sphere at that location, as expected. The experiment is repeated for several times for each sphere. The average maximum deflection and total strain energy of the membrane with 95% confidence intervals are shown in Figs. 8 and 9 , respectively. The strain energy at zero weight indicates the energy due to the pre-tension of the membrane in Fig. 9 . The deformation and the energy absorption of the membrane increase with the weight of the sphere. But the deformation decreases and the energy absorption increases with increase of the pre-tension level of the membrane due to a specific dead weight of the sphere. FE and experimental results can vary within reasonable limits due to the variation of the thickness of the membrane. But the effect of deflection on the energy absorption due to static loading of the spheres is about one order less than that due to the applied pretension. The energy absorption of the membrane is dominated by the pre-tension level of the membrane. So, computationally costly but more accurate three-dimensional FE model is not required to estimate the deflection of the membrane due to the weight of the sphere and less computationally expensive axisymmetric FE model can serve the purpose quite well. 
CONCLUSIONS
This paper presents the finite element and experimental techniques for investigating the deformation and energy absorption behavior of a hypereslatic latex membrane at different pre-tension levels for micro air vehicle wings applications. The latex membrane specimens with specific levels of pre-tension are attached to a circular steel ring and loaded using steel spheres of different radii as dead weights. The VIC technique, a non-contact measurement system, is used for measuring the deformation of the membrane. The FE model of the membrane-steel-sphere system, developed by using Abaqus 6.9 ® FEA software, exhibits a good correlation with the experimental data in terms of the membrane displacement and elastic strain energy in function of the weight of the sphere and membrane pre-tension. The deformation and energy absorption of the membrane increase with weight of the sphere, as expected. But the deformation decreases and the energy absorption increases with increase of the pre-tension level of the membrane due to a specific dead weight of the sphere.
